John W, Mansur

October 1974

MEASUREMENT OF BALLISTIC IMPACT FLASH

Air Force Institute of Technology
Wright-Patterson Air Force Base, Ohio

AD/A-004 320

DISTRIBUTED BY:

National Technical Information Setvice
U. S. DEPARTMENT OF COMMERCE




Best
"Available

Copy



o _»___-_Bes’c Available Copy

e BPULAS S

AL unt Ty CLA Lo, Ty

bea ARS
i REPORYT DUCL A TG Fo S o T
i Hee ol 'qu'::( [N bt et s Tep s e

[T SO v

e e LADJA —004 33

TITLE Jand Saherete

MLASUR SGENT OF SALLISTIC DMPACT PLAS
'S Thesis .
6. PERFORMING,YRG. REFORY n 4BLE
7. AUTHOR v - - B CONTRACT CH CRALT NUMBE = %) -1
Joun W. lansur
dajor, UGAT
1]
3 PERFORMING ORGANIZATION MAME AND ADDRE 5! 10, PROGRAM LLEMENTY, PR oJECT. ~an
- . . AREA & WORK UNIT NUMBERE
Alr Force lustitute of Tecinonlcyv
Wright-Pattersen AFB, Ohio 45033
11, CONTRCOLLING OFFICE M7 1E AND ADDRESS 12. REFORT DATE “1
Alr Torce Tlight Dynamics Laboi-tory October jo74
Wright-Patterson aFs, Onio 45435 13 Néﬁd‘”ﬁ" OF PAGLS ‘
Ta  MONITORING AGENCY NAME & ADORESS/f diffireat from. Cortrolling Otlices | 15. SECURITY CL ASS. 7of this rep ot i
N
UNCLASSTFYID !
I 15a. DECL ACSIFIZ ATION ocwuaﬁ-‘:‘i‘?ﬁ""‘l
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public releasc; distributjon unlinited

17. DISTRIBUTION STATEMENT (of the absrract ente-e.!in Rleck 09, it 2itt --ent fropr Repor?)

18. S3UPPLEMENTARY NOTCS
Approved for public release ’ . C LA
IAW AFR 150-17 JERRY €. HIX, Captain, USAF
DPirector of Information

19. KEY WORDS (Continue an reverse side if recessary ¢nd identif by tloc:: nualer;

Ballistic Impact
Inpact Plash
High Velocity lupact

PRICES SUBJECT TO CHANGE

e -

20. ABSTHACT (Continue an reverss side {l sncessary ond sdonaaly by block numbo e}

The dewnranpe flasic resuiting fron the perferetion of thin aluninun plazes i- !
high veiocity steel spheres wae investivatoed te determine hov tiw flaeh apaty oy
with chaanges in projectile velocitr., Tt wac found that tuo distinct 14k ?
intens{ty maxinurs occar; oue aprvoximately 10 nfsroseconds after penetrat =,
the second some 3G Lo S microweooads later.  For a rivea sire spocre, b !

spectral irradicnce of these tto rieshes and the eacrpy of e f1iah el

approxinatelr tin foerdh perers o the velocite. teating the drsanct 5id - o
tarpet Litu cpoxvy booed sireratt st or o a o 002 Juzh taver o

cire ,._‘.1"( e

-

1ot ° Reproduced b rr iy serey ey
DD viwn W72 RTIONAL TECHNICAL Cwwensmmens
INFORMATION SERVICE ! SECURITY ~LASSIFiCATI S 8 1ol BRGE Wi ot
t)$ Department ol Commerca
Copeatietd VA 208



B TR

L mew

" Iqw-wfv- FREWT

- - L - P e - :
- P — S T - m;..:‘*.;.:%

—— :____T-"'_“'_E'_.“LT.TE';:.‘___" T T YT AT S e Sy e T TS T TR
SECUMITY Croa iy File TION Ut Y3 7 AGL Whean Daa & 3ty reul - . E_%‘
] 4 1
Block 20 : p
{
cell seulant veduced the flash bv facters of 5 to 300, depending on the wave- !
length examined. The first flasu. spectral irradiance was compared to a black-
body temperature curve., The flash wns found to radiate as a blackbodv =ource :
{ | with tewperatures increasing from 300U°%K at 3000 fps projectile velocity to ; :
[ | 3200°K at 400 fps and 5000 fi.. ; :
]
; ?
i
! .
‘ ~

| @ ]

¢
4+
E WHCLASETI TN

4‘ SFCURITY CLA..IHCAHCH af Tm.. PAGL it an Date Tnintes

S ————— P ——————ie —— s = - 4 “ad




SR T S AT N IR~ W AR vk | TT LT e NaR T
: i

A N e O e R I O e R e T A e

S hde o LR e A Sl
P T S K AN L PIS T M AT B BT T R TTTN ST SIS TR TN MO IS eIt et A, O T

A AN Kok AN L IR0 BN A F LR
B LT R A

W——

MEASUREMENT OF BALLISTIC

IMPACT FLASH

THESIS:

Presented to the Faculty of the School of Engintering
of the Air Force Institute of Technology

Alr University

ir Partial Fulfillment of the
i Requirements for the Degree of
Master of Sclence

by

John W. Mansur, B.S.A.E.

Major USAF
Graduate-Alr Weapons

{

i September 1974

i
E

Approved for public release; distribution nnlimited.

;
[
!
. | b
;

e |



Preface

This report is the result of my attempt to expand the knowledge
avgilable In the area of Ballistic Impact Fiash. My principle concerr
has teen determining how the tlash scales with changing projectile
velogity.

I am indebted to many persons.who gave valuable assistance in tha
accomplishment of this study. | wish te thank Mr. Lillard E. Gilbert
of the Alr Force Flignt Dynamics Laboratory for making the personnel
and equipment available; Mc. V. L. Mangold and Mr. T. Seymour for sect-
ting up the equipment and conducting the firing; Dr, M. Kabrisky for
his help In troubleshooting the electronic equipment; the ,aculty
members of my Thesis Committee, Dr. P. Torvik, Major W. Crow, and

Major K. Jungling; and my wife, Vicki, for her encouragement and

patlence.
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Abstract

The downrange flash resulting from the perforation of thin alumi-

rum plates by high velocity cteel spheres was iavestigated to determine

AL B e A MR e ST

it was found

E

how the flash scales with changes in projectile velocity.
that two distinct flash intensity maximums occur; cne approximately 10
microseconds after penetration, the second some 30 to BO microseconds
later. For a given size sphere, both the spectral irradiance of these ;

two flashes and the energy of the flash scale as approximately the

fourth power of the velocity. Coating the impact side of the target
with epoxy based aircraft paint or a 0.002 inch layer of aircraft fuel

cell sealant reduced the flash by factors or 5 to 300, depending on the

3
ﬁ_\.
?;
]

wavelength examined. The first flash spectral irradiance was compared

to a blackbody temperature curve. The flash was found to radiate as @

blackbody source, with temperatures increasing from 3000°K at 3000 fps

projectile velocity to 3200°K st 4000 fps and 5000 fps. i




Introduction

Throughout modern history, a primary aspect of warfare has been
the penetration of metal sheets or plates by high velocity projectiles.
Research in this are~ has traditionally stopped when hostilities cease.
As a result, on. .erious engineering problem in the area of weapen system
design has been the lack cf knowledge concerning penctration mechanics.
A new area of investigation evolved in the past decade with the advent of
space travel. A major concern was the threat to space vehicles from
hyper-velocity micrometecrites. A flurry of private and government re-

search in this area began in about 1960, but gradually came to a near

stop in 1969, when actual space flights showed the threat to be less than v -
had been feared. While a sizeabie amount of data was obtained during
this period, it was primarily concerned with prejectile velocities of
15,000 foot per second or higher, and projectile sizes of one millimeter
diameter or less. A serlous lack of information still exists for chrapnel 1 -
sized projectiles with velocities of 3000 fps to 10,000 fps; the threat
that medern day air weapon systems face.
To date, there have been many thtzories put forward to empirically
characterize the penetratiun and deformation of plates by high velocity
projectiles. Althoughk many shots have been fired under carefully con-
trolled conditions in the evolution of these theorias, no completely

E satisfactory model of the peretration has been developed., One of the

} least understood areas is the flash of light resulting from high velocicy
o |

bk impact. This flash is known to be a high temporaturc phenomena and 2
major area of concern is the possibility of s fuel tank, hydraulic

reservoir, or other explosive componert' of anm aircraft being hit by a

L can
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very high velocity fragment. Uatil recently, with the enception of
space vehicles, only fragments in the range of L0000 fps or less were
encountered. Now, however, with aircraft reaching velocities in the

range of 3000 fps, and large surface-to-air missiles projecting fragments

CUTTRTIRASEE v TR TV ORI T iR s

at 8000 fps to 12,000 fps, impact velecities of 10,000 fps to 15,000 fps

might be encountered. Temperatures of 4000°K anc a flash 14 inches tong

B Fhl e

have been reported (Ref 1) from a .50 caliber projectile impacting a thin

aluminum sheet at 4000 fps.

d The object of this study is to provide further insight into the

e e dp bt d

1 mechanism of impact flash, specifically to investigate how the flash

scales as projectile size and veloci!y change, and to evaluate the effect

dieatocs,

on the flash cause. .y coating the target with various materials.

P R R

A

As a starting point, | will give a summary of the more significant
results published relating to this topic.
In 1952, R. L, Kahler (Ref 12) osserved that an inert atmosphere

reduced the flash, while a pure oxygen atmosphere greatly enhanced the

flash. He also noted that if the upstream side of the Larget was coated

with a very thin layer of rubber, the flashk was significantly reduced.

With his instrumentation, however, he was unable te quantitatively

measure this reduction. In 1955, W. T. Thompson (Ref 22), in a report on

armor penetration, proposed that the target-projectile interface was

: molten. In 1957, P. E. Tucker, et. at. (Ref 23), in a study of high

speed pcllets, observed that a high velocity projectile leaves an ionized,
luminous trail, and the relative ionizalion and luminous intensity in- '

crease rapidly with velocity. They also noted that the light occurs prior

to the ionization. In 1960, the shift in cmphacis to space applicatiors
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began. D. D. Keough (Ref 13), in 1960, used 2 pnocto-multiplier system
to measure the intensity of the radiant energy preduced by micro-
particles at hyper-velocities (16,000 fps) impacting thin metal sheets.
Ris target was in a vacuum chamber, and his resu'ts viere obtained for
various chamber pressures. He reported that the total radiant energy
amplitude was not 3 function of chamber pressure., He suggested that the
impact flash mechanism could ke modeled as & jet, similar to the jet
produced by a shaped charge. A. F. Caron {Ref 6), in 1965 conducted a
series of experiments in which aluminum sheets containing oxygen at one
atmosphere pressure were impacted by particles traveling in excess of

15,000 fps. He obseirved that a violent detonation occuried 40 micro-

o)

seconds after impact. He suggested that a pyrophoric oxidation rezctiion
of the projectile and target material with gaseous oxygen was the cause
of the 'uminosity. in 1966, J. F. friichtenicht (Ref 10) proposed that
first light is a vapor cloud with plasma~like chirscteristics including

self-luminosity due to the excitation of neutral gas atoms. He observed

that the light source zppeared to be first, blackbody emission from
] heated material, and second, radiation from excited ators in the vapor

cloud., In 1967, W. H. Friend, et. al. (Ref 9) observed that for a 12.7

mn projectile fired at 15,600 fps, the inlensity maximum occurred 156-200

microsaconds after first light was observed, ard that after the maxinum

prLr b e i T

was reached, the intensity decayed exponentially to zero. They concluded
that the exponential decay impiind that chemical reactiuns were not taking
; place to an appreciable extent, since apparently insufficient heal was

being given off to maintain the high intensity. Also, the bPot luminous

would be expecied to occur in an cxnonential fashion. Also in 1967,

1
’
E ) products should take & finite time to cool down, and t ewe proccsses
i
3
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J. 7. Kotlensette and E. Wittrocx {Ref 14) observed Lrat while the

intensity of che flash is dependent on impact velocity, the iight is
spectrally characteristic of the target-projeciile materials, and this
spectral characteristic is iadependent of impact velocity. They also
suggested that fiyrst light is generated by transfer of projectile erergy
to the target surface before ceupling of ereray to the crystailine struc-
ture of the target begins. 1In 1968, B. Jean, et. al. ( f 11), folluwing
Keough's lead, mathematically mudeled the impact flash as a jet similal
to the jet produced by a shaped charge detunation. Thei. experimental
and theoretical values were in fTairly good agrecrent. In their expeii-
mental work, they zompared the flash obtained by impacting projectiles of
various shapes, and observed that spheres and other sclid projectiles of
equal mass and like materlal produce approximately equal radiant energy.
In 1969, J. B. ALernathy (Ref i:32) impacted cylindrical projectiles on
thin aluminum sheets at velocities in the range of 5370 fps. He chserved
that the dimensinns of the flash were approximately 4 inches long and 5
inches in diameter at the center (See Figurc 12). The temperaiure of the

flash was found to be betweer: 35000K and 4100°K, and the flash lasted

approximately 3 to § millisecords.

|
C o sa
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It Phvsical Made!l

The overall physical model of the flash can be divided into four
phases, Uporn impact, as energy is transferred .o the target, first light
occurs in what ! witl call the plasma phase. Material is then remnved
from the target in the rupture phase, Next, vecause of their high veloc-
{ties, the ejected particles are heated and their surface begins tu melt
and flow durina the ablation phase. Finally, the exposed surface area
and oxygen from the atmospnere combine chemically giving the burning

phase.

Plasma Phase

Abzrnathy (Ref 1:29), observing target rear surface flash, noted
that there are tuo flash intensity maxima. One cccurs simultaneously with
the projectile emerging from the rear of the target, and the second some
L0-75 microseconds later. This was also verified during the course of
this investigation. From Keference 2, it is seen that for high velocity
(4000-8000 fps) steel on aluminum impact, pressures In the target are in
the .2 to .4 megabar range, and from Reference 16, peak shock temperatures
oceur that are in excess of 1000°K. This high temperature, high pressure,
nigh energy state praduces the first-lignt, plasma-like cloud proposed in
Reference 10:!. This might also explain why several rescarchers have
noted that first light or peak amplitude seems to be i1 dependent of pres-

sure or atmosphere.

Rupture Phase

There are many references (Ref 15, Ref 19) presenting coreful

documentation for increased temperaturcs in the particles being ejected
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by ballistic impact. It is clear that these ejecla have a high internel
energy, and thu; a high tenperature, after being torn from the target

plate.

Ablation Phase

As the high velocity particles are decelerated by drag, the air
friction creates enough heating to cause the surface to melt and be swept
off in the form of tiny droplets as discussed by Kottenstette in Refer=
ence 4. This continually exposes new surface area &nd alsc provides
smaller particles or droplets for the burning phase. This phase and the
burning phase would be greatly affected by the atmosphere around the

target, as was reported by Kahler (Ref 12).

Burnlng Phase

As the droplets produced during the ablation phase continue to
decelerate due to striking alr molecules, Lhey gain sufficient thermal
energy to reach the necassary temperature to combine wlth oxygen to
produce light (Ref 4:25). The time required to galn this additional
energy is thought to account for the time lapse between first light and
the second Intensity maximum, Bolice in Reference 4 presents a compre-
hensive discussion of the rupture, ablation, and burning phases.

An additional factor adding thermal energy to the ejecta is the
shock heating of the alr that the ejecta travels through. An approximate
temperature behind the shock wave can be calculated using the Rankine-
Hugoniat jump conditions across a plane steady shock (Ref 23:22). Let
P = pressure, p -~ density, E = encrgy, U = particle velocity, D = shock
velocity, and the subscripts o and F indicate before and after shock

respectively. Then, the cquation of conservation of mass,

Al e i e

i e e

-
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Pp(D-Up) = ¢40,
the equation of ccnservation of momentum,

Pr = 0o0 Upy

m

(2)

and an energy balance (neglecting heat flow acruss the shock and heat

release or losses)

- /2 v .2,

F

combined with an assumption of a perfect gas,
P u pRT

and

E=cCT,

(3)

(4)

(5)

give sufficient relationships to solve for the post shock values.

Using (1), (2), (&), and (5) with (3) gives

) ) PF+ Po)(l_l)
Cv(TF To) (—i-——- D—o ;F .

Further reducing unknowns gives

(,,_U,(sxez JU L Te ) 2k L WTe, te
F'\ R 2 20D 2 2p,
since

R=c,(y-1)

where y Is the gas constant.

Equation (7) can be further reduced to

DU P P

U U P
(D'UF)( F + . E 4 ¢ ) - F o) +.0
2 Uo(‘Y“I) 2}4‘0

y=1 2 2040

which is an easlly solvable quadratie¢ equation,

Typical values for a shot are

(6)

(7)

(8)

(9)
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. b
Po = 1 atmosphere = 2117 ?"Q
t
o fFeo
Y - 1.4 for N nerfect gas
Uo = 0
Vimpact = 4360 fps.

Reference 4 shows that for a steel on alurinum impact of 4360 fps,
the aluminum particle velocity in the plate would be 3G1) fps. When a
plane shock wave arrives at a free surface, which is assumed parallel tc
the shock front, the shock pressure Is reduced to zero by a rarefaction
wave from the ffee surface. The free surface particle velocity, or
velocity of the particles departing the back of the target in this case,
Is the sum of the particle velocity due to the shock wave and the parti-
cle velocity due to the rarefaction wave (Ref 20:29). These two
velocities arec very nearly equal, In this case then, the particle
velocity ceming off the back of the plate would be twice the value of the
particle velocity In the plate, or 6322 fps. Since this would be the
same as the alr particle velocity immediately behind the plate, Up =
6022 fps.

Using these values in (9) gives D = 7390 fps.

Using this In (2) glves Pp ~ 49.98 atmospheras, and from (6) Pp =

o
.01285, and finally TF = 2724 K, where T_ is the temperature immediately

F
behind the shock wave. Deal, in Reference 1, shows that for this pres-
sure and compression ratio, the use of the perfect gas assumption giwes

a good approximation to experimental results., The residual temperature,

TR. after the pressure returns to one atmosphere can now be talculated
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Y -1 "
T P !
R . ;'i (10)
T !
F F )
1
Using the above values for T, P, and y gives ;
o
T = 896 K
R
The volume of air actually being shock heated to this temperature
will be relatively small, located immcdiately downstream of the impact.
It will, however, occupy the space that most of the ejecta will travel
through., These higher temperatures will increase the thermal energy of
the ejecte and will affect the time required to ablate and burn. , <
E
g
:«.!
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v
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I1l. Experimental Method

Two slzes of steel spheres were fired from a 50 caliber smooth bore
gun through a velocity measuring device and through a 0.0%25 inch thick
sheet of 2024 T-3 aluminum. A few targets were coated with epoxy based
alrcraft paint and a few were coated with a 0.002 inch layer of aircraft
fuel cell sealant. Front face flash and gun muzzle flash were screencd
off and the rear face flash was examined by a specially desigrad spectro-

meter and 2 still camera.

Proje. .les

Steel spheres were chosen as projectiles to reduce the variables as
much as possible. The steel should have a minimum of deformation and
chemical reaction with the softer aluminum targets, and the spherical
shape eliminatas any concern for the position of the projectile at impact.
Two sizes were chosen to allow comparison of results for projectiles of
different mass and size. The spheres were 0.500 inches in diamcter
weighing 129.5 grains and 0.343 inches weighing 42.5 grains. The 0.500
inch sphere was crimped directly Into the 0.50 caliber casing, while a
Lexan sabot was used to hold the 0.343 inch sphere.

The sabot was designed to separate from the projectile uoon leaving
the gun, and was deflected from the projectile pat: by a sheet of armor
plate having a two inch diameter hole for the projecctile to pass thruush
located 15 feet from the qun, The projectile velocities were varied by
varying the amount of powder luaded in the cartridyc from 80 grains to the

maximum capacity of 205 grain..
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Spectrometer

A spectrometer consisting of three photomultiplier tubes was used
to record the downstream flash. Each photomultiplier was equipped with
a different narrow band by-pass filter to allow investigation of three
distinct areas of the visible and near IR spectrum. The first filter
centered at 4008AC with a bandwidth of 200A; the second centered at
7010A° with a bandwidth of 200A%; and the third centered at 9025A° with
a bandwidth of 29OA0. The cutput from each of the photomultiniiers was
the input for a single sweep ovscilloscope. The scope sweep rate was
adjusted to allow rccording of the entire event. The oscilloscope trace
was recorded on Polaroid film to allow later examination and measurement.
The photomultiplier tubes were calibrated against a standard iight source
in units of watts/cm?-nanometer. A limitation of this spectrometer is
that the photomultiplier tubecs are easiiy saturated. To prevent this,
Kodak neutral density filters were used in front of the narrow band by-
pass filters, The strength of the filters was increased as the flash
intensity increascd with increasing projectile velocity. These filters
were calibrated against the standard light source to determine the amount
of light they passed at the three wavelengths, and this data is presented

in Appendix B.

Still Comera
A b x 5 speed graphic camera was nsed to record an image of the
total flash. The shutter was opened just prior to the shot, and clased

after the shot. The image was recorded on Polaroid film.

ool
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{V. Results and Discussion

The downstream flash has two distinct spectral irradiance maxima

as shown by the photomultiplier traces in Fiqure 1.
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Figure 1. Photomultiplier Traces
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This confirms Abernathy's fiadings in Reference 1:23. In the top
photograph of Figure 1, the upper truc. is for the 5008A° filtered tube, : é

the lower trace is for the 9025A° tube. The bottom photograph is for 1

the 7010A° tube. All three traces are rcco-rded at a sweep rate of 0.1} it

millisecond per centimeter, for a 0.500 inch projectile with a velocity
of 3860 fps. The first maximum occurs nearly simultaneously with pene-
tration and is suggested to be front Face plasma drawn through i1he
target in the wake of the projectile. Photoaraphs in Reference 3:7

indicate that this does occur. This flash reaches its peak in approxi-

Gt eiiat i e st A A na

mately 10 microseconds. The second flash gains in intensity at a slower

race, reaching its maximum valae 30 to 80 microseconds after the onset of

i

the tirst flash., After reachinu this second waximum, the flash decays in

an exponential fashion to zero. The time required to reach maximum

stkm,

intensity decreases as wavelength ircreases, but the duration ~F the

S

total flash appears to be Independent of wavelenjth. Tables I, i, and

111 list the experimental results by projectile size. Included are

spectral irradiance for first and second maxima and flash energy emitted

in the waveler-th bands paszed by the narrow band by-pass f.lters,

obtained by integrating the area under the photomultiplier trace. Values
for the second maxima and fcr the energy were not nhbtained for the smal-

ler projectile due to difficulties in measurirg thece values accurately

from the photomultiplier trace. The results of thete tables are plotted

in Figures 2 through 11. Since the ecxperimental values appear to plot

L

as a straight line on log-log scale paper, a least squares curve fit for
i an exponential curve was used to obtain the line drawn on the plots,
This line has an equation of the type

X = Ky (11)
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Table 1 :
Flash Erergy From lmpact of 0.600 1nch Sphare 4
. !
; ' 1
¢ Velocity Total Energy-Ergs/cm2 -nm : 4
: Ft/Sec 1008A° 70102° 9025A° f
i 311 .0068 .0318 .0509
. 3450 .0065 .0362 .0517 :
3 3480 L0113 .161 .202 i
, 3518 .0080 71 224 !
4 3528 .0072 L0464 ,0825 _
. 3603 .0061 .0262 .0465
1 3642 .0068 .0576 . 109 ;
: 3643 .0058 .089 .15 :
3 3678 .0096 L0873 .152 :
3 3687 .0073 .0580 L0676
3 3695 .0076 .0402 .133 f
3 3745 .025 B11 .135 :
Lo 3767 L0144 .0697 102 E
£ 3859 .0072 .0523 .109
3860 .0175 .0783 .128
3941 .0091 .0625 133
3959 .0075 .N609 .106 :
4148 L0111 .0987 .093 4
4281 .0292 .369 .396 i
1295 .0425 .185 .398 ;
4330 0219 .323 434 ! L
54385 L0175 .10 A72 ?
. Li36 .0335 .336 .638
: Lhgh .0365 .139 .309
E 4596 0272 .348 .889
\ 4770 .0182 .210 .273
1 4966 .03 .162 .221
5Q1h .073 .509 .825%
5120 .0335 .232 .380
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Table 111

Spectral irradiance of First Flach Maxima
From Impact of 0.343 Inch Sphere

JRYEY VRS O SR

Spectral lrradiance-Microwatts/cm?-nm

Velucity

Ft/Sec 4008A° 7010A° 9025A°
3347 L0014 .0113 .0281
3351 .0016 .0138 .0324
3360 .0016 .0122 .0310
3668 .0029 .0161 .0395
3681 .0031 .0210 .0507
3750 .0029 0227 .0536
3770 .0029 .0210 .0536
3844 .0031 .0227 .0507

3891 0041 .0227 .0577
3896 .0031 .0237 .0620
3912 .0014 .0357 .0395
3939 .0035 .0227 .0536
3995 L0045 .0227 .0522

£
Lo28 .0046 .0275 .0663
t 4

17
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Figure 11. first Spectral lrradiance Maxirun vs Velocity for
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where X is the flash output in miurowalts/cm”-nm for the spectral
itradiance values and in ergs/cmz-nm for the energy values; K is a
scaling constant; V is velocity in ft/sec; and n is slope of the line.
The equations of these lines are summarized in Table IV. Several impor-

tant facts can bc observed from these plots and from Tabie IV,

Table 1V

Flash Scaling Equations From Least Squares Curve Fit
of Experimental Data

0.500 Inch Sphere First Flash Maxima

L008A°

>

= 1.922 x ]0-17 V".65 pmlcmz -nm

7010a° X =6.37 x 10713 y3°88 y/cm? -nm
9025A° X =6.59 x 10713 v3°67 ,u/cm? -nm
0.500 Irch Sphere Secend Flash Maxima
4008A° X =5.97 x 1071% y3'75 /em? =nm
7010A° X = 1.97 x 10712 y3°50 ,/em? -nm
9025A° X =2.86 x 10712 y3:52 ,/em? -am |
0.500 Inch Sphere Flash Energy
4oo8A° X=2.80 x 10718 y4-8" Ergs/em?-ne
7010A° X =1.02 x 10717 y%*73 Ergs/cm?-nm
9025A° X = 7.h0 x 10718 y*:82 Ergs/cm?=nn
4 i 0.343 Inch Sphere First Flash Haxima
; . 4008A° X = 2.00 x 10738 v 79 yu/em?-nn
? i X = 4.79 x 1015 v*37 yu/em?-nm
| X =6.38 x 10713 v3:60 | scmenm

From the plots, spectral irradiagnce and energy valucs for a given pro-

jectile incrcase with increasing wavelength indicating that the higher

-rey

energy realm is prouably in the IR range., From Table 1V, the value of




n is approximately four for all equations, indicating that the spectral
irradiance and energy for a given projectile sceles as approximately the
fourth power of the velocity.

One of the objectives of this study was to determine if a direct
relationstip exists between the impact flash and the energy or momentum
of the projectile. Since the flash scales as the fourth power of pro-
Jective velocity, the flash would have to scale as energy tquared in

order to be a function of energy only. That is, since

- f ke =~ Lmv2 (12)
i & 2
where KE is the projectile kenetic energy, and m is the projectile mass.
To chtain a VY term, flash would have to depend on the square of the
energy, as in m2y",
Similarly, <ince
M=mv (13)

where M is projectile momentum, the flash would have to depend on the

fourth power of momentum in order to give a V" term, i.e., the flash
g

e .-.-.wmww

e e e ey B
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would be proportional to m*V%. A comparison of the flash resulting from

projectiles with different masses impacting at the same velocity should
reveal the dependence on mass and whether or not either of those

relationships exist. Comparing X| to Xz gives

N

X K,V 1 K

ol R — = 2NN (14)
X2 KZV' 2 K2

But if the flash dependgs only on the energy the ratio should be

- = (15)
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if cne flash depends only on the momentum the ratio should be

From Table IV, for A = 4008A°

X 1.922 x 10717 y4-05
~0.500 = 322 x = g.57y -4

-16 y4-79
x0.3h3 2.01 x 10 v

Similarly for A = 7010A°

X
294599- = 1.33 x 107°4¢
0.343

and for X = 9025A°

X
0.500 = 1.03 v.07

X0.343

(16)

07

(18)

{19)

Table V shows values of those comparisons for various velocities.

Table V

Ratio of First Flash Spectral Irradiance for 0.500 Inch Spheres

to 0.343 Inch Spheres,
1 1
o.soo// 0.343

3000 fps 4000 fps
4008A° 3.13 3.00
70108° 2.59 2.25
9025A° 1.80 1.85

The projectile mass ratio is

30

5C00 fps

2.93
2.01
1.86
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m .
0.500 123.5 grains _
-0.200 Z.5 grains 3.65 (20)

®0.343

The projectile frontal area ratio

A0.500 . -196 in?

= 2.11 21
.0928 in? (z1)

Po.su3

f : If the flash scalid 35 energy, the value of XO.SOO / X0_3h3 would

be expected to be (mO.SOO / m0’3h3) or about 9, and if it scaled as

momentum, the value of XO.SOO / X0.343 would be expected to be

‘. 500 7 ™0.343
] The flash resulting from different sized projectiles appears to scale as

)4 or about 90. Table V shows that tnis is not the case.

/ m

some more cemplicated function, possibly including energy, momentum, and

size.

T TS TR TTOR eOY T,

' The theory'of ablation and burning as the cause of the secund flash
intensity maximum is supporiad by toe overall flash photograph shown in

f Figure 12.
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Figure 12. Still Phutugraph of Flash Resulting from impact of
0.500 inch Sphere at 3B60 fps
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diad

Several small particles can be seen to begin luminessing several

inches downstream of the flash. This would correspond to the instant
; g that enough thermal ensrgy was gained to raise the particle to a tem-
perature that would induce the burning phase of the flash model. This

pertion of the filash would be directly affected by change:s in atrw:pheric

A |

pressure or composition,

An attempt was made to verify Kahleir's (Ref 12) report that coating
the target impact face reduced the flash. The upstream or impact side of
several tsrget shects were soated with a ,002 inch layer of aircraft
fuel cell sealant. Some other targets were coated with epory based air-

craft palnt.

R S R T TN

DPue to range constraiats, not enough shots were made to give
conclusive quantitative results; however, both materials significantly

reduced the downstream flash.

- ———— e €0

Table V!

Spectral lrradiance for First Flash Maximum
for Sealant Coated Targets. 0.500 inch Projectile

Spectral lrradiance-Microwatts/cm®-nm

Velogity 4008A° 7010A° 9025A°
3901 fpe 000239 .0020 00459
4372 fps .0000725 00573 0133
4385 fps 0060492 00492 -
4386 fps 0004y .013 0212

32
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Table VI

Spectral lrradiance for First Flash Maxinmum ;
for Epoxy Paint Coated Targels. 0.500 inch Projectlile

Spectral lrradiance Microwatts/cm?-nm

Velocity 4o08AC 7010,.° 9025A°
3643 fps .0000875 .0018 .00529
3811 fps .000275 .00317 .00846
3836 fps .000172 .00408 .00846
1 4237 fps .00016 0171 .0296
;
28 4334 fFps .000122 0146 0310
E
P Comparison of the values shoun in Table VI with Figures 2 through ‘

4 shows the effect of the sealant type coating to be

P

i at 4008A° First flash maxinum reduced by factors of
50 to 300 ;
i
at 7010Ao first flash maximum reduced by factors of . ;
1 6 to 30
: : at 9025A "ash maximum reduced by factors of
p 8 to 25.

Similarly, comparison of Table Vil with Figures 2 through 4 shows

the ¢/ f ¢t of the epoxy paint coating to be
at 400BAP first flash maximum reduced by factors of

50 to 140

at 7010A° First flash maximum reduced by factors of

5 to 20

ww-nw—wm T T T AT T~

e
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at 9025A° first Tiash maximum reduced by factors

of 5 to 20.

Second flash maximum data and total energy data were too small to
measure from the photomultiplier trace but appeared to be reduced by a

simitar amount.

A few shots were fired into targets where the rear face was coated.
No quantitative data was obtaincd, however the effect appeared to be
considerably less than coating the front surface.

An abbreviated blackbody analysis was accomplished in an attempt to
determine if the flash radiated as a blagckbody. If a light source
radlates as a blackbody, it should be possible to determine the temper-

ature of the source from the Planck equation

A- £
o= 5/(EXP (czm) 1) (22)

where JA = the spectral irradiance in watts/cm?-A° or similar units, Cl
and C2 are constants, A is wavelength and T is the temperature of the
source. Calculations of JA can be found in tabular form in Ref 21:82

and are plotted in Figure 13 as solid lines.
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ST =

Watts/cm?-nm

Spectral Radiance

60

50

4o

30

20

[ - | |
- .——-—-\
_ / 35000 =
/ ’
pan ° -
13200
* /‘.-_N 30000K _
[ -]
- [
o ¢ 3000 fps
4 4000 fps _
‘ © 5000 fps

4000A" 6000A° B00GA" 10000A"
Compari wn of Blackbndy Terperature Curves
with Firat Spectral drradiance M, zieus

Values

Fiqure 13.
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To determine if the Tlash radistes as a blackbody, the values of
spectral irradiance for the three different wavelengths for projectiles
at various velocitics (from Figures 2 through L) were plotted to the
same scale as Figure 13. The size and location of a blackbody intro-
duces only a geometric constant term into th. blackbody radiation values,

J,- That is, the J, value in watts/cm?-nm is actually

JA = (source radiance) (source area) (solid angle
subtended by seasor) (23)
where the solid angle = 4nr2/R?

and r and R are depicted in Figure 14.

—

(&7

4

Figure 14. Depiction of Blackbudy Geonetric
Constant

For a point on a finite sourcc, the cquatizn becomes

36
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: 2
J, = source radiance x source area x Elll_égi_i)_. (24)
R -

and as the area increases, 0 increases, so the solid angle will change.
These changes in source area and solid angle result in a multiplicative
geometiric constant. Since the vertical scale in Figure 13 is logarith-
mic, the experimental results can be translated along a vertical line
(at constant wavelength) ta see if they match a blackbody temperature
curve. The values for the first spectral irradiance maximum for the
0.500 inch projectile are plotted as the points in Figure 13. The
experimental data did agree fairly well with the blackbody curves,
indicating that the flash does radiate as o blackbody. The temperature
of the flashk, indicated by the temperature lines matched by the
experimental data, increases with increasing projectile velocity, from
3000%K at 3000 fps to 3200°K at 4000 fps and 5000 fps. This is close to
the value of 3#00°K to 4100%K reported by Abernathy in Reference 1. The
Impact flash was approximately 14 inches long ana 5 to 7 inches in
diameter. Since the sensar, though painted at the center of the flash,
was only 60 inches away, some change in the geometric constant would be
expacted as the flash size changed. This was the case, since the

geometric constant changed with changing projectile velocity.
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V. Conclusions

The flash gunerated duwnstream of a target impacted by a high
velocity projectile is characterized by two intensity maximums. The
first occurs simultancously or nearly simuitan busly with the projectile
emerging from the target. 1lhc second occurs 30 to 80 microseconds later.
For a given projectile, the intensiiy maximums and the total flash energy
scale approximately as the fourth povier of the projectile velocity.

The flash radiates as a blackbody at a temperature of about 3000°K at
3000 fps increasing to appruximately 32007K as velocity increases to
LGOO fps and 5000 fps. The increass ir t.e flach irradiance and energy
as the fourth power of velocity together with the incrcase in flash
temperature with velocity makes hyper-velocity shrapnel from sources
such as surface-to-air missiles an important kill mechanism. Coating
the upstream side of the target with epoxy paint or fuel cell sealant
material reduces the downstream flash by factors of 5 to 300, depend-
ing on wavelength examined. This phenomgna needs much morg
investigation to determine 1ts cause and tu develop a flash suppressant

material effective against higher velocity impacts.
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vVi. Recommendat ions

The analysis of this investigation has led to several

recommendations.

1. A further study bc undertakun using various sizcd projectiles

to determine the relationship between flash and size and/or mass.

2. A furcher study be undertaken using various shaped projectiles
having a constant mass to determine the relationship between flash and

projectile shape,

3. A further study be undertakecn to determine the cause of the

reduction in impact flash obtained by coating the target.

k. Using information obtained in recommendation 3, an intensive
search should be made for an effective flash suppressant substance

sultable for use In aircra’t and/or aircraft component paint.
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APPENDIX A

Description of Equipment

The experimental portion of this investigation was accomplished in
Building 57, Area B, Wright-Patterson Air Force Base, Okio. This facility
was temporarily converted to an indoor gun range. The overall apparatus

set up is described in Figure 15,

Velocity
k Screens m Camera
1
- { l Target
I“
3 .50 Cal Gun A #3 -
| L R

Loy '

// Spectrometer

Sabot

Deflector

1~ \/

Timers Oscilliscopes

ey o

Figure 15. Apparatus Set Up

1. .50 Caliber Smcoth Bore Gun. The Air Force Flight Dynamics

|
E Laboratory furnished a .50 caliber smooth bore gun chambered to accept

i a standard military casing. The gun is fired by an electrically

operated solenoid. By varying poader loads from 80 c¢rains to the

:
f L2 1
%iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
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maximum cartridge capacity of 205 grains of Dupont 2400 powder, pro-
jectile velocities ranging from 2100 fps to 4400 fps were obtained.

To increase the projectile velocity above this level, the air was

evacuated from the gun barrel by sealing the end of the barrel with a |
1 piece of paper, and attaching a vacuum line to a port in the side of the

: barrel. The pressure inside the barrel was thereby reduced to 15 mm Hg.

This procedure increased projectile.velocity by slightly over 10% for

the same powder loads.

2. lnstrumentation

Velocity Measurement. The velocity was measured over a

} 26 foot distance, 2 foot prior to the target plate. Three velocity

screens consisting of continuous line printed circuit paper were used.

e

When the projectile passed through the first screen, one Hewlett-
Packard Model 5300A Timer was started, four foot later the projectile

passed through the second screen, starting a second identical timer,

e

then 22 foot later it passed through the third screen, which stopped

o — A ———— -~

both timers. The timer read-outs were in microseconds, providing data
to calculate velocities to the nearest foot per second. The velocities

: used in this paper are an average of these two values.

impact Flash Spectrometer. This system consists of an

T PP Wt TP = = et g

Exotech three channel spectrometer, power supply console, and two
Tectronix 555 dual team oscilloscopes. The spectrometer assembly con-
sists of three photomultiplier tubes and associated circuitry, as wel)
as narrow band by-pass filters and neutral dansity filters. A phroto-
multiplier tube consists of a photocathode, a secondary emission

mulitiplier, and an anode. Photors from the light source strike the
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photocathode. This release a number of electrone, whi-h are accel-
erated cnto the first stage or dynode of the nultiplier, where they each
release additional secorndary elecirons, which are accelvrated onto the
next dynode, and so on. A potential gradient is maintained between the
successive dynode stages. The electrons released by the last dyncde are
collected at the anode, which releases an electric puise as the tube
cutput. The photomultiplier tubes used in this unit are two $S-20 type
visible range tubes, and one $S-1 inivrarad tube. Response curves tor
these photomultipiiers are shown in Figure 16. All three have identical
circuitry as shown in Figure 17. Narrow band by-pass filters were used
to allow flash examination ot various wavelengths. The spectral ranges
of thesz filters are shown in Figure 18. To avoid saturating the photo-
multipliers, Kodék Wratten neutral density filters were used to reduce
the number of photons striking the sensors. These filters ware
calibrated for each photomultiplier/narrow band by-pass fiiter combination,
This data is presented in Appendix B. The electrical impulse from the
photomultiplier tubes wus routed to the two oscilloscopes. The sccpe
sweeps were tringgered by the third sheet of printed circuit paper in the
velocity measurement apparatus. Experiments conducted using a signal
generator providing impulses to a diode light source showed that the
spectrometer system would follow a on: microsecond duration light signal,

provided by the tubes were not saturated by the intensity of the 1ight.

Still Camera. A b x 5 speed graphic camera using Polaroid

film was used to record an overall piLture of the flash., The shutter was

openeo using a1 remote trigger just prior tc the shot and closed inmediately

after Lhe flash.

Lt
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APPENDIX B

Calibration

1. Calibration of Photomultipliers

The calibration light source assembly consists of a 1000 watt
quartz iodide bulb and a mechanical chopper. The bulb is housed ina2h
inch diameter, 36 inch high cylinder, with an aperture allowing a beam of
light to pass through the chopper assembly. The chopper consists of an
18 inch diameter disc with a single slot. The disc is connected to a
; small motor which turns the disc ar about 3000 rpm. The ''chopped'' light

is then directed on to the spectrometer Sensors for calibration. The

2 chopper serves the purpose of modulating the signal to allcv measurerient
of the difference between zero signal and known source sigral. The light
source was calibrated by the Natienal Bureau of Standards (Ref 17) in

microwatts per emZ-nanometer at a distance from the source of 50 ¢

giving
For 4008°A 2.28 uw/cm?-nm
7010°A 21,1 yw/cm2-nm
9025°A 25.28 uw/cm?-nm
 :
i Calibration Procedure  The spectrometer unit, with narrow band by-

pass filters installed, was placed at various distances from the
callbration light source. The scope output in volts was noted and

recorded for each position. Since the light intensity should change by
the square of the distance, a constant value of D?V was expected, where
V is the recorded voltage, and D is the distance between the source and
the sensor. Values of D2V constant within five percent were obtained.

From this an average value of DV at the various wavelecngths was

I R —y T P T
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caiculated,

4008A° D2V = 2313 ft2 volt

it

7010A° D2V = 3090 ft2 volt

9025A° D2V = 257.8 ft2 volt

These values were then used to calculate the coaversion factor necessary

to convert the flash induced scopc output to pw/cmZ-rm.

Sample Calculation of Conversion Factor. For ) = 4OUBA?, at 50 em

- 1.64 ft, the source produces 2.28 uw/cm?-nm. Since the D?V constant
for this wavelength is 2313 ft? volts, at a distance of 1.6k ft, an
output of

2313 ft? volts
1.642 ft?

= 860 volts (25)

would be expected as a result of 2.28 Lw/cm?-nm of light irradiance

produced by the source. This gives for 1.65 ft,

2.28 pw/cm?-nm _  .00265 uw/cm?-nm (26)
860 volt volt

at D = 5 foot, which is the distance from the flash to the sensors, the
scale factor required to convert the scope reading from volts to

mlcrowatts/cm2=nm s
(.00265 pw/cm?-nm/volt) (5.0%ft2) (27)
1.6427¢2

Scale Factor =

= L0246 uw/cm? -nm/volt
Similarly at A = 7010A°
Scale Factor = .0102 pw/cm?-nm/volt
and for A = 9025°A

Scale Factor = L0706 wu,/cm?-nm/volt
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2. Calibration of fodak Wratten Neutral Density Filters

Kodak Wratten N. D, 96 filters rated at .!, .4, .5, .h, 1.0, and

2.0 were used. To detcrmine the amount of Jight passed scope readings
were taken with and without them. In addition, combinaticns of the
different strength filters were used to insure the readings remained

valid. The results of this are shown in Toble VIIi.

Table VI

Amount of Light Passed at Selected Wavelengths
by Kodak Wratten N.D. 96 Filters

Amount of Light Passed

; Filter No. 4008A° 70104° 9025A0
ok
g A 1] b a
: .5 a a .282
‘E .6 .206 .251 a
E 1.0 .066 07 : .268
: 2.0 .0054 a a

a - Not Measured

o . -
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